Abstract Many forms of developmental plasticity have been observed and these are usually beneficial to the organism. The Predictive Adaptive Response (PAR) hypothesis refers to a form of developmental plasticity in which cues received in early life influence the development of a phenotype that is normally adapted to the environmental conditions of later life. When the predicted and actual environments differ, the mismatch between the individual's phenotype and the conditions in which it finds itself can have adverse consequences for Darwinian fitness and, later, for health. Numerous examples exist of the long-term effects of cues indicating a threatening environment affecting the subsequent phenotype of the individual organism. Other examples consist of the long-term effects of variations in environment within a normal range, particularly in the individual's nutritional environment. In mammals the cues to developing offspring are often provided by the mother's plane of nutrition, her body composition or stress levels. This hypothetical effect in humans is thought to be important by some scientists and controversial by others. In resolving the conflict, distinctions should be drawn between PARs induced by normative variations in the developmental environment and the ill effects on development of extremes in environment such as a very poor or very rich nutritional environment. Tests to distinguish between different developmental processes impacting on adult characteristics are proposed. Many of the mechanisms underlying developmental plasticity involve molecular epigenetic processes, and their elucidation in the context of PARs and more widely has implications for the revision of classical evolutionary theory.
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to respond in more than one way according to the state of its past and present environments. Phenotypic variation generally arises during development because the processes of plasticity provide useful adaptations to the environment. Extreme or novel insults may, however, P. Bateson and others J Physiol 592.11 disrupt development to produce non-adaptive outcomes with which the individual must cope if it is to survive (Bateson et al. 2004; Ghalambor et al. 2007) .
Adaptive developmental plasticity provides a means by which an organism can respond to environmental circumstances without undergoing a change in its genome. Many different mechanisms underlie such plasticity (Bateson & Gluckman, 2011) but often involve epigenetic changes in the expression of DNA (Godfrey et al. 2007) . Research in this area has generally been in three domains: understanding the mechanisms leading to phenotypic variation, understanding their relevance to human health and understanding their role in evolutionary processes. In this paper we briefly review these domains.
The implication of many of the examples of adaptive developmental plasticity is that environmental induction provides a forecast about the future conditions of the external world that the individual will subsequently inhabit (Bateson, 2001) . In mammals the best route for such a forecast may be via the mother. For example, vole pups (Microtus pennsylvanius) born in the autumn have much thicker coats than those born in spring; the cue to produce a thicker coat is provided by hormonal signals from the mother before birth, depending on day length (Lee & Zucker, 1988) . The potential benefit of doing so, enabling the autumn-born voles to survive the winter better than they would with thinner coats, was termed the Predictive Adaptive Response (PAR) by Gluckman & Hanson (2004) .
The PAR hypothesis was originally developed to explain why early life events are associated with an increased disease risk, especially non-communicable disease (NCD) in contemporary human populations (Bateson et al. 2004; . A range of epidemiological observations had found an association between low birth weight and greater risk of metabolic and cardiovascular diseases in later life. The suggestion was that developmental plasticity leads to a postnatal phenotypepredicted by the conditions of early life and that a mismatch between prediction and subsequent reality leads to later health problems, for example in those human societies where economic circumstances and nutrition are rapidly improving. It is important to note that associations between early life events and later disease risk were found later to be independent of birth weight and occurred within the normative range of birth sizes and prenatal exposures (Gale et al. 2006; Godfrey et al. 2010) .
Subsequent debate has been about the plausibility of such adaptive plasticity evolving in the first place. This debate has been complicated by the realization that many factors other than simply those reflecting a poor developmental environment, such as over-nutrition, maternal obesity, gestational diabetes or infant overfeeding, also lead to increased risk of later NCD in the offspring. These adverse outcomes are usually the products of recent Westernised lifestyles and are thus not relevant to an evolutionary argument. A further complication is that, if the nutritional plane in early life is very low, developmental disruption or immediate adaptive responses leading to intrauterine growth retardation ) may occur and, at best, the offspring is forced to 'cope' , by trading off short-term survival against future reproductive success (see Fig. 1 ). Both immediate and predictive adaptive responses can coexist , and this can explain the association found experimentally and clinically between reduced birth size and later metabolic and cardiovascular compromise.
In terms of their biological functions, PARs are hypothesised to anticipate a future environmental condition that can vary over time. By doing so they increase the likelihood that the organism's phenotype will match the environmental conditions it encounters in its lifecourse up to reproduction (see Fig. 2 ). The delay between induction and phenotypic response implies that environmental cues during development provide a forecast about the future conditions of the external world that the individual will subsequently inhabit (Bateson, 2001; . The induced phenotypic states may be dichotomous in some species and for some traits, as shown The diagram shows the proposed relationship between the environment (e.g. nutritional plane) to which the developing organism is exposed during the phase of developmental plasticity and the consequences for its Darwinian fitness in adult life. The relationship is determined by different mechanisms according to the degree of shift in the environmental state from the optimal, as suggested by the shaded columns. (From Gluckman et al. 2005.) in the Fig. 2 , or they may be graded from one extreme to the other and produce a continuous reaction norm.
Clarifications
It must be emphasised that from an evolutionary point of view PARs are primarily seen as advantageous to survival until reproductive age, and for reproduction itself. Subsequent beneficial or deleterious effects, for example on health in the post-reproductive period, are not relevant to the individual's Darwinian fitness. Before considering possible instances of PARs, however, some clarification of terms and concepts is needed. Fundamental to this is the term 'adaptation' , which is used in at least two different ways. The meanings, most commonly used in the ecological and evolutionary literature and relevant to the present discussion, are nonetheless often conflated. The first refers to a phenotypic characteristic that is well suited to meeting a requirement set by the environment and is measured by the effect of the characteristic on the organism's survival and reproductive success -its overall Darwinian fitness. The second meaning denotes the historical process by which the current state is achieved. This might be the evolutionary process of Darwinian selection acting on a trait's effectiveness in a particular context. Alternatively, or in addition, it might be the individual acquiring that trait during its own lifetime through plastic processes. The adjective 'adaptive' can apply to a particular adaptation, defined as a state, and 'adaptability' to describe the capacity of an individual to meet a new challenge set by the environment. Cues from the environment may be used as predictors, determining which of a set of alternative developmental pathways is elicited. If the environment does not change, then the organism's phenotype will be well adapted to that environment, providing a close match, as is represented in the diagram by the pattern and shape of the phenotype and the pattern and shape of the environment. However, if the environment does change between the elicitation of the particular pattern and development, then the phenotype may be mismatched to the conditions of adult life. (From Bateson 2007.) Tinbergen (1963) pointed out that biological mechanisms need not have the same effect on fitness in the present as they did when they first evolved see (Bateson & Laland, 2013) . This is particularly likely where rapid environmental change has occurred, as has been the case with human populations, and it creates difficulties when interpreting human medical phenomena in a functional or evolutionary context . A problem for any study of current utility of a mechanism found in humans, therefore, is that modern Westernised human societies buffer offspring against the fitness costs that probably occurred in the past. Furthermore the nutritional environments of today, rich in carbohydrates and fats, are very recent in evolutionary terms. Hence an adaptation, which had potential fitness in the early decades of life in the past, nowadays can have adverse health consequences in later life.
Responses to dangerous environments
Thebenefits of a match between predicted and actual environments vary from case to case. East African Acridoid grasshoppers, usually green, develop into a black form after a savannah fire that blackens the environment (Rowell, 1972) . Their developmental plasticity enables them to develop a camouflage that reduces the risk of being eaten by birds. In the small freshwater crustacean, Daphnia pulex, the benefits of the two alternative phenotypes are, for one, increased chances of survival and, for the other, increased reproductive success. When a predatory midge is present in the environment the young develop a spiked helmet and long pointed tail while still enclosed within the mother. The armour reduces the risks of predation. If the predators disappear before young are released from their mother's protection, the female offspring bear the cost of developing the armour and have lowered reproductive success relative to those without it (Laforsch et al. 2006) . In somewhat similar cases, the larvae of the ringed salamander (Ambystoma annulatum), if exposed as an egg to the chemical cues of a predator's presence, show higher levels of shelter-seeking behaviour than individuals who were not so exposed (Mathis et al. 2008 ) and the crucian carp (Carassius carassius) develops a thickened body when predatory pike (Esox lucius) exist in the lake it inhabits, making it harder to catch (Brönmark et al. 1999) .
In the domesticated rat (Rattus norvegicus) the role of the mother in affecting development of her pups by licking and grooming them has been studied extensively (Claessens et al. 2011) . Mothers who are stressed groom their offspring less and have offspring that subsequently become more anxious as adults than those of high-grooming mothers. The induced behaviour is appropriate if the environment remains threatening when they are adults. Analogous responses may be seen in J Physiol 592.11 the wild: Belding's ground squirrels (Urocitellus beldingi) living in open grassland habitats develop into less fearful adults than those living in closed woodland habitats where the dangers of predation are higher (Mateo, 2007) . The difference in this case might have arisen from Darwinian selection but similar striking differences are found within arctic species such as the lemming (Lemmus lemmus) and snowshoe hare (Lepus americanus), in which the induced phenotypes vary cyclically over generations and are likely to arise from developmental plasticity. In the hares, when the risk of predation is high the mother gives birth to offspring with a high level of fearfulness, which is thought to make them more alert and better able to escape from predators such as the lynx (Lynx Canadensis; Sheriff et al. 2009 ). The response is not perfect and high mortality leads to a decline in the hare population, quickly followed by a similar decline in the population of the predator species. Over the ensuing generations of hares, the threat of predation is low and offspring are less vigilant. Some carry-over from the grandmothers' stressed state occurs (Sheriff et al. 2010) , but eventually the offspring predict a safe environment and thus have a lower flight response setting when they are independent of their parents. When the predator population increases once again, the pregnant hares face increased stress and signal this danger to their fetuses, which develop a higher vigilance level. And so the cycle continues.
Maternal responses to aspects of the environment may act to integrate and coordinate responses across a range of body systems of their developing young (Del Giudice et al. 2011) . For example, in the North American red squirrel (Tamiasciurus hudsonicus), maternal glucocorticoid levels are raised by high population density that affects their unborn offspring. When high population densities existed, or were simulated by playbacks of territorial calls from animals in high population settings, the offspring subsequently grew more rapidly than when the real or perceived population density was low (Dantzer et al. 2013) . In many experimental models in which maternal nutrition is reduced or maternal glucocorticoids are elevated, the phenotype induced in the offspring involves their musculature, adiposity, insulin resistance, renal function, vascular function, neuroendocrine function and behaviour (McMillen & Robinson, 2005) .
In a study of 22 small-scale non-Westernised human societies, Walker et al. (2006) found that the age at menarche in women was significantly correlated with probability of survival to the age of 15. This association might have been a consequence of Darwinian selection, but an alternative interpretation is that those individuals in greater danger responded to environmental cues that induced early menarche. Indeed, in modern Westernised human societies, a girl exposed to stressful conditions in early life, such as being orphaned or following separation of her parents, is likely to enter puberty at an earlier age than would otherwise have been the case (Belsky, 2012) . She may express a strong wish to have children at an early age and become a mother in her early to mid-teens (Nettle et al. 2010) . The potential biological benefit in a dangerous environment is that she has a child while she is still able to do so. If bad conditions in early life forecast bad conditions later on, her best chance of increasing her fitness is to breed early (Nettle et al. 2010) .
Contradicting an earlier study by Lumey & Stein (1997) , Painter et al. (2008) found that offspring of women who were pregnant during the 1944 Dutch famine had a higher reproductive success than those whose mothers were pregnant before or after the famine. Low birth weight is associated with accelerated menarche, particularly when nutrition before puberty is enhanced (Sloboda et al. 2007) . If women experiencing an early age at menarche are more likely to reproduce, they may produce more children than other women developing under well-supported modern conditions.
Responses to nutritional cues
Nutrition during development can also have pronounced effects on the adult's preparedness for its nutritional environment. Saastamoinen et al. (2010) found that undernourished larvae of an East African butterfly (Bicyclus anynana) had more strongly developed thoracic musculature after pupation, enabling them to fly more strongly as adults and potentially to reach more favourable environments.
When pregnant rat dams were given restricted diets, their offspring were smaller at birth, but if these offspring were given plentiful food after weaning they became more obese than the offspring of dams given an unrestricted diet (Jones & Friedman, 1982) . This early observation has been followed by extensive work on rodents in many laboratories. Offspring born to undernourished dams develop increased appetite (Vickers et al. 2000) . A relatively poor prenatal nutritional environment induces a phenotype with less muscle mass, a higher set-point for satiety and a preference for fat in the diet. Such a phenotype can be seen to have survival advantage in a nutritionally poor environment. On the other hand obesity in such rats is associated with morbidities in a more plentiful nutritional environment.
Even though these offspring are more sedentary when kept in standard laboratory cages (Vickers et al. 2003) , they are more likely to run in a wheel when given a choice between pressing a lever to obtain food and running in the wheel (Miles et al. 2009 ). This suggests that such offspring of under-nourished mothers may attempt to find more reliable sources of food in a natural environment. In addition to these behavioural consequences, the pups also had accelerated sexual maturation (Sloboda et al. 2009 ), once again showing that developmental plasticity has induced a set of changes in the life history of the animal.
When rats exposed to a poor level of maternal nutrition before birth were treated neonatally with leptin, the hyperphagia, insulin resistance, hypertension, gene expression and epigenetic changes were prevented (Vickers et al. 2005; Gluckman et al. 2007b ). More recently similar results have been seen upon giving growth hormone to offspring of undernourished rats (Reynolds et al. 2013) showing that the leptin effect is not specific and suggesting that a variety of cues can induce the development of a PAR.
Nutritional PARs in human biology
In human biology extensive studies have shown that maternal body composition affects the offspring's body composition, metabolic control, neuronal reserve, kidney size, reproductive maturation, and behaviour (Godfrey, 2006; Moritz & Cullen-McEwen, 2006; Sloboda et al. 2007 ). The effects resemble those reported in animal studies in many ways. Thus children with lower birth weight, a proxy for poor intrauterine nutrition, enter puberty early, have a preference for high-fat foods, a higher set-point for satiety and a smaller stature -a suite of characteristics that are well adapted to limited food resources in adult life.
This adaptation favours the laying down of fat during the period of breast-feeding, thus providing lipid stores to buffer the developing brain against potentially inadequate nutrition (Kuzawa, 2010) or episodes of postnatal gastrointestinal disease around the time of weaning (Kuzawa, 1998) . By the age of three, a switch to insulin resistance takes place which will be relatively advantageous in a poor post-weaning nutritional environment if the mother's nutritional plane has been relatively low (Mericq et al. 2005) . The individual benefits, it is argued, by adjusting the trajectory of development so that his or her phenotype is most likely to match the anticipated environment.
The most direct contemporary data in support of the PAR hypothesis in humans comes from the studies of children with marasmus and kwashiorkor in Jamaica. Children who develop marasmus have different settings of intermediary metabolism, both during the illness and after recovery, compared with those who develop kwashiorkor. The metabolism of the children with kwashiorkor appears to be metabolically profligate whereas in those with marasmus metabolism appears to be more metabolically thrifty (Jahoor et al. 2006) . As a result, the kwashiorkor children are more likely than marasmic children to die during the episode of acute malnutrition. A study of over 1000 children who developed marasmus or kwashiorkor showed a large difference in birth weight between these two phenotypes -marasmic infants had a 330 g lower median birth weight (Forrester et al. 2012) . This has been interpreted as suggesting that marasmic children had both reduced birth size reflecting an immediate adaptive response and had induced PAR in utero appropriate to the low nutritional conditions that presumably induced their lower birth weight, whereas the kwashiorkor infants were adapted to a higher plane of nutrition. Studies in adults from this cohort show the persistence of differences in metabolic control into adulthood, with those individuals who had formerly been marasmic showing both insulin resistance and glucose intolerance (Francis-Emmanuel et al. 2014) .
Other studies from around the world have shown that NCDs such as hypertension and type 2 diabetes in adulthood are more likely to be exhibited by people who were born small but subsequently lived in environments of abundant nutrition (Patel et al. 2006; Ebrahim et al. 2010) . The long-term effects on health occur after the peak period of reproduction and may not reflect conditions that operated during evolution. Even so, fitness in the past might have been affected by a mismatch between the predicted and the actual environment if parental and grandparental care of offspring were compromised. The opposite side of the mismatch coin is that people who enjoyed a plentiful environment in early life may be at greater risk during periods of prolonged famine than those who experienced lower levels of nutrition during development. Children born to affluent parents are more likely to suffer adverse effects if they are starved in adulthood. In concentration camps and the worst prisoner-of-war camps, anecdotal evidence suggests that the physically large individuals died first while at least some of the small individuals survived (Bateson, 2001) . In a famine-exposed Ethiopian population, high birth weight was associated with a 9-fold greater risk of rickets (Chali et al. 1998) .
Whilst birth weight can be affected by prenatal environment, it is a side-effect of developing an adaptive response to relatively poor maternal nutrition and is not always well correlated with the adaptive suite of phenotypic characteristics . For example Gale et al. (2006) showed that the induction of effects on cardiovascular structure of children by unbalanced maternal nutrition was not accompanied by alterations in birth size. Similarly Godfrey et al. (2011) showed that epigenetic changes in children's DNA at birth were associated with changes in maternal nutrition in the first trimester, and in turn with childhood adiposity, but these epigenetic changes were independent of birth size.
Disagreements about the interpretation of the human evidence
While the PAR hypothesis has general application, the primary application in human biology has been in J Physiol 592.11 proposing that offspring born to mothers on a relatively low plane of nutrition develop a physiology associated with a suite of adaptations that suits them well to a low plane of nutrition. However, they are poorly adapted to an abundant nutritional environment. Conversely offspring born to mothers on a relatively high plane of nutrition are adapted to a plentiful nutritional environment. Developmental forecasting in the offspring by induction of a specific developmental trajectory is, therefore, thought by many researchers to be important in human biology e.g. (Bateson, 2001; Gluckman & Hanson, 2004; Sandman et al. 2012) . A cue from the mother suggesting a future environment with relatively scarce resources leads to a more economical form and a bias towards insulin resistance, thereby capturing the higher-energy and fat-dense foods when they are available .
The PAR hypothesis as applied in this context has received considerable support, but it has been criticised on the grounds that the evidence could also be explained in other ways. Wells (2007) has argued that in humans maternal interests dominate and the fetal adaptive response is secondary to protecting maternal fitness. He is correct in stating that, ultimately, the mother is in control. If conditions are dire, she can spontaneously abort her fetus or abandon her infant, but this reflects extreme conditions under which mechanisms other than PARs are likely to operate (see Fig. 1 ). At a more subtle level, the mother can trade-off the benefits of fully supporting her current offspring against those of holding herself in readiness to produce another. The long-term interests of the mother are not identical with those of her offspring. This well-known principle, first developed by Trivers (1974) , is widely accepted by evolutionary biologists and led to the idea of a conflict between the interests of parent and offspring. Yet the conflict principle can easily be overstated. Empirical studies of parent-offspring relationships in mammals suggest that both parties adjust their behaviour to the state of the other. Mothers both monitor and respond to the progress of their current offspring and delay breeding again if an offspring is developing slowly. If the mother is on a relatively low level of nutrition or is pregnant from an early postpartum oestrus, the offspring will take the initiative and wean earlier onto solid food. Two-way communication between mother and offspring benefits both parties (Bateson & Laland, 2013) . In any event the argument that the fetus is making changes in response primarily to assist maternal fitness is questionable. Long-term effects in human offspring can be induced without any manifest change in birth size or gestational length. As no obvious change in phenotype is apparent at birth or in infancy in such situations, but the phenotypic effects occur later in childhood and young adulthood when the dependence on the mother has declined, the primary beneficiary must surely be the offspring. Wells (2007) argued that a forecast is unlikely to be correct in such a long-lived species as humans in which environmental change is likely between generations. Lachmann & Jablonka (1996) modelled anticipation in fluctuating environments and pointed out that the anticipation would be advantageous provided the change in environment predicted was sustained for at least half a generation. In their model, reproduction was sustained through life, but a more appropriate extrapolation in humans would be to peak reproduction. Thus for a human the relative fidelity of the prediction of the environment need only last a few years and the main advantage of a PAR in humans would be to ensure survival to reproductive age, as illustrated in elasticity curves for human fitness (Jones, 2009) .
In support of Wells' argument, Nettle et al. (2013) suggested on the basis of a computer simulation over one generation that the PAR is only likely to evolve if environmental conditions are stable, which is contrary to the conclusion reached by Lachmann and Jablonka (1996) using a different modelling approach. In an extension of the model of Nettle et al., Del Guidice (1996) also found that environmental stability was important but fluctuations in conditions were less constraining to the evolution of a PAR. Baig et al. (2011) observed that stability across time would be more likely in a hierarchically organised society in which rank tends to be inherited, a point that Nettle et al. (2013) also accepted. A different issue is that members of the hominin lineage have manifestly been migratory, travelling into very different climatic regions of the globe. Fluctuations in conditions in one climatic zone would often have been smaller than the differences between zones. Darwinian selection would have led to genetic differences in populations living in different climates for a prolonged period. However, after migration into a new climatic zone any mechanism that protected individuals from changes in living conditions from those in which previous generations had lived would be highly beneficial before natural selection could act (Bateson & Gluckman, 2011) . If a mother can transmit to her developing offspring cues that will affect its stature, body composition, metabolism and a host of life-history characteristics, she will be at an advantage in fitness terms over a mother who cannot.
In order to assess the PAR hypothesis in relation to the nutrition of humans, Hayward et al. (2013) analysed data from pre-industrial Finland. In 1887-8 the harvests failed and the poorest people suffered most in terms of their mortality and reproductive success. Poor individuals who were born in years of plenty were less affected than those born in lean years. Hayward et al. argued that according to the PAR hypothesis, the poorest people born in lean years should have been better able to withstand the effects of the famine. Since this was not the case, they claimed to have falsified the PAR hypothesis. However, the poorest people may have been debilitated by their poverty, infection and low resources so that their physical condition did not represent a PAR to low nutrition (see . The richer people may well have been better provisioned and thus buffered against starvation after a poor harvest. The confounding issue of economic stratification was recognised by Hayward et al. and also highlighted in a study of the Dutch potato famine of 1846-7 (Lindeboom et al. 2010) .
Tests of the PAR hypothesis
In general, tests of the current utility of an adaptation are easier to devise than those of the possible historical processes that led to the evolution of underlying mechanisms. These are not necessarily the same, as originally pointed out by Tinbergen (1963) and discussed further by Bateson & Laland (2013) .
One of the tests of the current utility of alternative phenotypes requires data for survival and reproductive success for individuals that were exposed to an environment that was either stressful or non-stressful in early life and an environment that was either stressful or not stressful when the individuals were adult, providing four combinations of conditions for developmental responses to safe and risky environments. A possible candidate species for such tests might be the snowshoe hare. If the early environment was stressful and the adult environment was relatively free of stress, individuals that remained unnecessarily watchful for predators would disrupt their opportunities for feeding. Conversely individuals reared in a non-stressful environment would be at greater risk from predation if the number of predators had increased in the meantime.
A different form of test is possible when the response to an environmental condition varies. For example, some individuals exposed to a stressful environment in early life might not respond in anticipation of a stressful adult life. Do they suffer a higher cost in terms of survival and reproductive success than the more responsive individuals if the environment turned out to be stressful?
Under extremely adverse conditions for the mother, surviving offspring are likely to have had a disrupted development whilst offspring of mothers living in more favourable conditions will benefit from what has been called the 'silver spoon' effect (Monaghan, 2008) . Under conditions of nutritional excess for the mother, her offspring is likely to be born overweight and may develop type 2 diabetes at an early age. As is shown in Fig. 3the PAR hypothesis is only likely to be relevant in conditions that vary from a moderately low plane of maternal nutrition to a moderately high plane. Gradations at the margins are depicted by dashed lines in the figure. The justification for distinguishing between a very poor and a relatively poor nutritional environment is that the latter may not affect growth by means of an immediate adaptive response but does induce a suite of predictive responses that constitute adaptations to a relatively low plane of nutrition.
The risks of making an incorrect decision may be asymmetrical. An individual adapted to environment A but living in environment B may be less severely affected than an individual adapted to environment B and living in environment A (Moran, 1992; Sultan & Spencer, 2002) . For example, a human who is set as a fetus on a trajectory towards a phenotype adapted to a poor nutritional environment later, but who then lives in a rich environment, may suffer little or no health damage during childhood and through the reproductive phase and thus have relatively little effect on his or her fitness, but may experience deleterious effects on health later in life . The resulting insulin resistance in young people is likely to be a feature of contemporary rather than historical conditions and even the associated obesity does not affect human fertility unless it is very severe.
By contrast, an individual with a phenotype adapted to a high nutritional plane but living in a poor environment may be severely affected -his or her nutritional requirements might be more rapidly compromised in famine, and in women fertility is reduced under such circumstances (Chali et al. 1998) . The general point is that a human who is mildly or moderately obese is generally healthy through the reproductive years. Therefore to predict a poor postnatal environment and live in a high-nutrition environment may be less deleterious to reproductive success than developing a body that requires high-energy support and living in a poor nutritional environment.
Given the difficulties for testing the utility of a PAR in modern Westernised humans, the best tests may have to be conducted on small-scale non-Westernised societies.
The tests should not be conducted simply on individuals subjected to poor nutritional conditions in early life and those subjected to rich nutritional conditions. Instead, the groups should be divided into very poor, relatively poor, relatively rich and, if they exist in small scale societies, excessively rich conditions.
The distinctions between very poor and relatively poor environments imply that different developmental processes are involved. If that is so, an important line of evidence will be to examine the epigenetic profiles of people with different types of early experience.
Adaptive developmental plasticity and evolution
Two evolutionary issues are raised by the PAR hypothesis. First, if the phenomena exist -as we have argued that they do -how did they evolve? Secondly, how does plasticity impact on evolution? On the first issue, developmental plasticity is conserved across all multicellular taxa. Given that evolutionary change in response to Darwinian selection can be rapid, this suggests that a fitness advantage exists to sustaining plasticity in some systems such as those affected by normal variation in levels of nutrition, predation and stress. Admittedly, the costs of evolving PARs are not known, even though the costs of maintaining them are likely to be low (Van Buskirk & Steiner, 2009) .
In a meta-analysis of studies of PARs, Uller et al. (2013) found only weak evidence for greater offspring fitness when parental and offspring environments were matched compared with when they were mismatched. However, most of the invertebrates and plants they considered produce large numbers of progeny. In such cases Darwinian selection would be expected to act quickly, rendering a PAR unnecessary unless conditions fluctuate markedly from one generation to the next. Indeed, in modelling conditions that might give rise to a PAR, Marshall & Uller (2007) found that the life-history characteristics of the trait were key determinants of the type of response that might be anticipated. PARs are much more likely to be found in a slow reproducing species with high parental investment, such as humans, many other mammals and birds. Stable maintenance of environmentally induced epigenetic states over an organism's lifetime is most likely to be favoured when the organism accurately responds to a single environmental change that subsequently remains constant, or when the environmental change cues an irreversible developmental transition (Herman et al. 2013) . Stable transmission of adaptive epigenetic states from parents to offspring may be selectively favoured when environments vary across generations and the parental environment predicts the offspring environment.
On the second issue, many authors have argued that developmental plasticity provides a substrate of phenotypic variation on which Darwinian selection can act (Pigliucci, 2001; West-Eberhard, 2003; Noble et al. 2014) . Evidence for transgenerational environmental effects mediated via direct and indirect epigenetic inheritance is increasing (Gluckman et al. 2007a; Jablonka & Raz, 2009) . A wide variety of changes in endocrine regulation following developmental stresses are mediated by epigenetic mechanisms in experimental animals (Bateson & Gluckman, 2011) . Induced epigenetic changes have also been described in naturally occurring plants (Pigliucci & Muller, 2010) . The evidence for transmission across generations in both animals and plants continues to grow (Gissis & Jablonka, 2011) . Epigenetic inheritance over at least eight generations has been reported in the plant Arabidopsis (Johannes et al. 2009 ). One research programme on mice examined individuals possessing a Kit paramutation (a heritable, meiotically stable epigenetic modification resulting from an interaction between alleles in a heterozygous parent) that results in a white-spotted phenotype. Injection of RNA from sperm of heterozygote mice into wild-type embryos led to the white-spotted phenotype in the offspring, which was in turn transmitted to their progeny (Rassoulzadegan, 2011) . In another study, mouse embryos were injected with a microRNA that targets an important regulator of cardiac growth. In adulthood, these mice developed hypertrophy of the cardiac muscle, which was passed on to descendants through at least three generations without loss of effect (Wagner et al. 2007) . Furthermore, the micro-RNA was detected in the sperm of at least the first two generations, thus implicating sperm RNA as the likely means by which the pathology is inherited. The possible involvement of sperm is also supported by observations that transgenerational genetic effects on body weight and appetite can be passed epigenetically through the mouse paternal germline for at least two generations (Yazbek et al. 2010) .
Male rats were exposed in utero to the endocrine disruptor vinclozolin during the sensitive period for testis sex differentiation and morphogenesis. Lowered spermatogenic capacity and several adult-onset diseases were observed over four successive generations; these were accompanied by altered DNA methylation patterns in the germline (Anway et al. 2005; Jirtle & Skinner, 2007) . Further analysis of these male offspring revealed that vinclozolin decreased methylation levels of two paternally imprinted genes and increased that of three maternally imprinted genes (Stouder & Paoloni-Giacobino, 2010) . The work on Arabidopsis and mice suggests that micro-RNA may provide the means for transmission of methylation marks from one generation to the next Rassoulzadegan, 2011) .
In most experimental studies, the environmental stimulus producing an epigenetic change is only applied in one generation. This might be enough since work on yeast suggests that an environmental challenge can permanently alter regulation of genes (Braun & David, 2011) . In natural conditions, the environmental cues that induce epigenetic change may be recurrent and repeat what has happened in previous generations. This recurring effect might stabilise the phenotype until genetic accommodation and fixation have occurred (Jablonka & Raz, 2009; Bateson & Gluckman, 2011) . Alternatively, DNA silencing may be stable as, for example, in Linaria (Cubas et al. 1999) in which the epigenetically induced phenotype does not change from one generation to the next.
A central question in considering evolutionary change driven by the environment is whether the transmitted epigenetic markers could facilitate genomic change (Johnson & Tricker, 2010) . The answer is that, in principle, they could if (a) they were transmitted from one generation to the next, (b) they increased the fitness of the individual carrying the markers, and (c) genomic reorganisation enabled some individuals to develop the same phenotype at lower cost (Bateson, 2012) . Epigenetic inheritance would serve to protect the well-adapted phenotypes within the population until spontaneous fixation occurred. Developmentally induced phenotypic influences can persist for more than one generation without becoming fixed in the lineage. Grandparental effects mediated by an intermediate female generation may simply reflect exposure of the ovum for the second generation to the grandparental environment. Nevertheless, recent evidence suggests that some epigenetic marks can be passed from one generation to the next in many species (Jablonka & Raz, 2009; Noble et al. 2014) , providing a mechanism by which environmental influences may be sustained over generations. In itself this does not explain why evolutionary changes in the genome have occurred. However, the situations under which genetic assimilation and accommodation are possible and plausible mechanisms by which the phenotype could have become genetically fixed are much discussed (West-Eberhard, 2003; Bateson, 2013) . On one hand the phenotype may have been canalised by persistent intergenerational environmental change acting via developmental plasticity until chance mutations reduced or obviated the need for the environmental stimulus. Alternatively the induced epigenetic changes that mediate adaptive plasticity might have biased the sites of subsequent mutation (Pfeifer, 2006; Misawa et al. 2008; Bateson & Gluckman, 2011; Bateson, 2012) . Variation at these sites may throw up phenotypes some of which are adaptive and subject to Darwinian selection. In this way adaptive developmental plasticity, as represented by PARs, might lead to evolutionary change.
Conclusion
Evidence for PARs in animals is strong and provides a valuable basis for new physiological work. The evidence from humans is more controversial. To conduct research in this area, the multiple mechanisms of developmental plasticity must be disentangled from developmental disruption and the adverse long-term effects of coping. Distinctions should be made between developmental disruption produced by lack of necessary resources during development, immediately adaptive responses with long-term adverse consequences, and those adaptive responses such as PARs induced early in development which confer long-term advantage. The empirical data, whether clinical or experimental, need to be interpreted in the light of these considerations, calling for a more nuanced approach to the effects of early experience on human variation than has been apparent in some of the recent literature. Doing so will greatly improve resolution of the important issue of the relative weight of different developmental factors in the origins of health and disease. Moreover, the advent of epigenetic profiling should facilitate the teasing apart of the different processes involved in development. We believe, therefore, that it will soon be possible to resolve some of the remaining disagreements about the importance of PARs based on nutritional cues in humans. Moreover the evidence from animal studies provides a framework for interpreting many health problems relating to human stress and nutrition.
